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Potassium channels fluctuate between closed
and open states. The detailed mechanism of
the conformational changes opening the intra-
cellular pore in the K+ channel from Streptomy-
ces lividans (KcsA) is unknown. Applying Monte
Carlonormalmode following,wefind that gating
involves rotation and unwinding of the TM2bun-
dle, lateral movement of the TM2 helices away
from the channel axis, and disappearance of
the TM2 bundle. The open-state conformation
of KcsA exhibits a very wide inner vestibule,
with a radius 5–7 A˚ and inner helices bent at
the A98–G99 hinge. Computed conformational
changes demonstrate that spin labeling and
X-ray experiments illuminate different stages
in gating: transition begins with clockwise rota-
tion of the TM2 helices ending at a final state
with the TM2 bend hinged near residues A98–
G99. The concordance between the computa-
tional and experimental results provides
atomic-level insights into the structural rear-
rangements of the channel’s inner pore.
INTRODUCTION
During a process called gating, the K+ channel from Strep-
tomyces lividans (KcsA) (Doyle et al., 1998) undergoes
a conformational change that opens the intracellular (IC)
pore. This process, a transition between a closed and
open state, is not fully understood atomistically. The es-
sential movement of the transmembrane TM1 and TM2
helices found in spin labeling and electron paramagnetic
resonance (EPR) experiments (Perozo et al., 1999; Liu
et al., 2001) was clockwise rotation relative to the channel
axis (Perozo et al., 1999) when viewed from the IC side,
twisting TM2 (30) about the helical axis (Liu et al.,
2001). In this rotation-and-tilt mechanism, the pore diam-
eter at the IC end of KcsA was as large as 10 A˚, while the
diameter of the inner hydrophobic vestibule around resi-
dues T107 and A108 only increased by 2 A˚. Structural
comparison of the IC halves of the TM2 helices in a closed
channel, KcsA, and an open channel, MthK, suggested
a hinge-bending mechanism (Jiang et al., 2002), where
the main conformational change during gating was a1654 Structure 15, 1654–1662, December 2007 ª2007 Elseviersubstantial outward-directed bend (30) of the TM2
helices at a hinge point corresponding to G99 in KcsA
and G83 in MthK. The TM2 helices splayed open and
the bundle crossing disappeared. The IC pore was 12 A˚
wide at its narrowest point (A88-MthK), with the central
cavity becoming an integral part of the IC solution (Jiang
et al., 2002).
Because the conformation of the TM2 bundle is very
different in the rotation-and-tilt andhinge-bendingmodels,
they were viewed as effectively incompatible proposals
(Kelly and Gross, 2003). The key differences in analysis
of thesemodels (Perozo, 2002) are thepresenceof agating
hinge in MthK at the conserved glycine and an increase of
12 A˚ in the inner vestibule of the pore. While there is
considerable controversy regarding the nature, location,
and magnitude of molecular movements, both proposals
agree that channel opening requires clockwise (viewed
from the IC side) rotation of the TM2 helices. It is important
to stress the following two points: (1) as the open-state
probability of KcsA channel remains very low, even at
acidic pH (Cuello et al., 1998; Heginbotham et al., 1999),
spin labeling and EPR spectroscopy (Perozo et al., 1999;
Liu et al., 2001) might describe structural dynamics in the
early stages of opening the TM2 bundle (Perozo, 2002);
and (2) comparing the two channels—closed, pH-depen-
dent KcsA (Doyle et al., 1998) and opened, ligand-gated
MthK (Jiang et al., 2002)—the hinge-bending model iden-
tifies distinct end-point conformers, but provides no way
to determine mechanistic details of the structural change.
Is it possible that the rotation-and-tilt model describes the
dynamics initiating gating (Perozo, 2002) and the hinge-
bending model provides an end-state picture of the open
channel?
It is now accepted, both experimentally and theoreti-
cally, that low-frequency normal modes (NMs) govern
the large-scale conformational transitions that are vital
for protein functioning. Phonon-assisted Mo¨ssbauer
measurements on myoglobin (Achterhold et al., 2002)
demonstrate that: (1) harmonic low-temperature dynamics
remain manifest at physiological temperatures; and (2)
room-temperature quasidiffusive transitions follow path-
ways determined by the harmonic motions. In standard
NM analysis (NMA) (Levitt et al., 1985), the direction
prescribed by the lowest-frequency NM is associated
with the gating pathway. NMA has successfully been
used to identify large-scale motions in protein channels,
such as KcsA (Shen et al., 2002; Shrivastava and Bahar,
2006), MscL (Valadie et al., 2003), and nAChR (Taly et al.,Ltd All rights reserved
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Open-State Conformation of KcsA2005; Cheng et al., 2006). In these NMA studies, a target
structure is generated from an initial structure via a sin-
gle-step atomic displacement along the lowest-frequency
NM eigenvector until a preset rmsd, typically 2.0–3.5 A˚,
between the two structures is attained. Recently, we
developed aMonteCarlo NM following (MC-NMF)method
Figure 1. The Frequency Spectrum of the WT KcsA System
The lowest-frequency eigenvalue is 2.64 cm1. The region <500 cm1
describes concerted motions of secondary structure elements (a heli-
ces and large groups of amino acids). The region from 500 to
1830 cm1 corresponds to internal vibrations of single amino acids (tor-
sional motions, with valence angle and bond vibrations near the high-
frequency end of this region). The well-separated block >2840 cm1
corresponds to hydrogen-heavy atom vibrations.Structure 15, 1654–166(Miloshevsky and Jordan, 2006), combining NMA (Levitt
et al., 1985) and the eigenvector following approach (Nich-
ols et al., 1990) with the Metropolis Monte Carlo (MC)
method (Metropolis et al., 1953). It differs crucially from
standard NMA in that the intermediate structures on the
gating pathway are generated by constructing a properly
ordered sequence of small steps moving energetically
uphill along the lowest-frequencyNM, simultaneouslymin-
imizing the energy along all other orthogonal modes
(Nichols et al., 1990). We have simulated opening the
IC pore in KcsA by means of an MC-NMF technique
developed earlier to reveal the gating mechanism of
the gramicidin A (gA) open state (Miloshevsky and Jor-
dan, 2006). The MC-NMF method has been previously
described in detail (Miloshevsky and Jordan, 2006).
The modifications needed in application to KcsA, using a
rotation-translation of blocks (RTB) approximation (Tama
et al., 2000), are presented in Experimental Procedures.
RESULTS
Lowest-Frequency NM of KcsA
from All-Mode NMA
All-atom NMA calculations were performed for wild-type
(WT) KcsA and three variants protonating either or both
sets of residues, E118 and E120 (termed E118p KcsA,
E120p KcsA, and E118p/E120p KcsA, respectively). The
calculated NM frequency spectrum is shown in Figure 1
for the WT KcsA system. In all four KcsA systems, the
NM frequency spectrum and the lowest-frequency eigen-
direction were nearly the same. Which KcsA domains
move along the lowest-frequency NM vector and what
are the associated conformational changes? Figure 2 illus-
trates perturbation of the minimized WT KcsA structure
along the lowest-frequency eigenvector. This NM revealsFigure 2. Perturbation of the WT KcsA
System along the Lowest-Frequency NM
(A–C) Cross-sectional view from within a mem-
brane plane and (D–F) axial view from the IC
side. (A and D) theminimizedWT KcsA system.
(B and E) and (C and F) displacement along
seventh NM in the counterclockwise and
clockwise directions, respectively. The three
helices of each KcsA subunit are shown in
backbone representation in the same color.
The polypeptide loops are in gray. The pivot
points near C termini of the P helices are illus-
trated for one KcsA subunit (in red) as brown
marks with arrows (in black). An enlarged
view of a single subunit is shown in Figure S1.
The location of A108 at the bundle crossing is
marked in black. The water molecules and
K+ ions are shown in the pore. Arrows indicate
the directions of rotation and displacement of
the KcsA domains upon perturbation. These
figures were generated using our Monte Carlo
Ion Channel Proteins (MCICP) code.2, December 2007 ª2007 Elsevier Ltd All rights reserved 1655
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Open-State Conformation of KcsAa concerted, lever-like swinging of the TM2 and TM1 heli-
ces (Figure S1, see the Supplemental Data available with
this article online, for an expanded view of a single subunit)
about pivot points near the C termini of the P helices (Fig-
ures 2B and 2C) coupled with concerted rotation of the
TM2 bundle around the channel axis (Figures 2E and 2F).
This motion fully agreeswith NMA of the intrinsic structural
flexibility of KcsA (Shen et al., 2002) and NMA of five K+
channels using coarse-grained models (Shrivastava and
Bahar, 2006). For comparison with other studies (Perozo
et al., 1999; Liu et al., 2001; Shen et al., 2002; Shrivastava
and Bahar, 2006), in what follows, we view all rotations
from the IC side. Perturbing along the lowest-frequency
NM refers to counterclockwise or clockwise rotation of
the TM2 bundle around the channel axis. For counter-
clockwise (Figure 2E) or clockwise (Figure 2F) rotation of
the TM2bundle, we find that the IC ends of the TM2helices
bend at A108 pivot points toward or away from the pore,
respectively. Interestingly, the P helices undergo a swing-
ing motion, but the P loops of the selectivity filter remain
nearly rigid. This motion of P helices may be implicated
in inactivation of the selectivity filter (Cordero-Morales
et al., 2006), an issue that requires a separate study.
Single-Step Atomic Displacements
along the Lowest-Frequency NM Eigenvector
We now describe the displacement of the E118p/E120p
KcsA atoms in a single-step move in both directions along
the lowest-frequency eigenvector to a predefined rmsd in
order to generate end-point structures, following proto-
cols used in earlier NMA studies (Shen et al., 2002; Taly
et al., 2005; Cheng et al., 2006). Applying an rmsd of 3.5 A˚
yields a distorted structure with overstretched bonds and
steric clashes (the energy increase is >2000 kT, with k, the
Boltzmann constant and T, the temperature, 300 K); these
are relaxed using a new conjugate gradient method with
guaranteed descent (Hager and Zhang, 2005). We find
that, when perturbed along the lowest-frequency NM,
either counterclockwise or clockwise, the inner hydrophobic
vestibule of E118p/E120p KcsA (the region between 20.0
and5.0 A˚) remains closed (Figure 3). There are important
structural differences between the narrow vestibule and
the pore’s central cavity. The wide cavity is water filled,
with a K+ ion resident at its center, while the vestibule,
lined by hydrophobic side chains of the TM2 helices, is
an inhospitable environment for K+ ions and water mole-
cules. Comparing the pore radius profile (Shrivastava
and Bahar, 2006) or superimposing closed and widened
KcsA pores (Liu et al., 2001; Shen et al., 2002) also
showed that the narrow inner vestibule only expands
marginally. When perturbed counterclockwise, in agree-
ment with earlier theory (Shen et al., 2002), we find that
the pore is enlarged in the IC mouth, but remains closed
in the inner vestibule (Figure 3, open squares). In a compu-
tational study of five K+ channel structures, with coarse-
grained NMA models (Shrivastava and Bahar, 2006),
enlargement of the IC end of the pore was observed for
rotation in either direction, but the inner vestibule was
only widened (2 A˚ radius) for rotation in one direction.1656 Structure 15, 1654–1662, December 2007 ª2007 ElsevierPerturbing clockwise, we find that the pore is slightly en-
larged in the inner vestibule, but the IC mouth is nearly un-
changed in size (Figure 3, open triangles). Thus, experi-
ment (Liu et al., 2001), theory (Shen et al., 2002;
Shrivastava and Bahar, 2006), and our results (Figure 3)
agree that the radius of this opened inner vestibule is 2
A˚. This is nearly as wide as the gA channel, but, being
mainly lined with hydrophobic residues, it is an
inhospitable environment for both water and K+ ions. It
is thus unclear how K+ could permeate in single file along
the 15 A˚ length of this enlarged hydrophobic pore (Beck-
stein and Sansom, 2004).
The Gating Transition in KcsA
What are the conformational changes that lead to opening
of the KcsA inner pore? To answer this question, we
tracked the lowest-frequency eigenvector by the RTB
MC-NMF technique (see Experimental Procedures). In
all four protonation variants studied, counterclockwise
mode tracking rotated the TM2 bundle so as to tighten
the steric closure at the IC mouth. We find that the original
tilt, 25 of TM1 and TM2 (Doyle et al., 1998), increases
with respect to the membrane normal. The termini of the
TM2 helices bend more noticeably at A108 and point in-
ward toward the pore. Thus, counterclockwise NM track-
ing does not open the IC pore. It follows a quite different
path from that found in our NM perturbation experiments
(Figure 3, open squares) and in earlier theoretical studies
(Shen et al., 2002; Shrivastava and Bahar, 2006).
Figure 3. Radius of the IC Pore in the KcsA Channel
The radius is shown as a function of the position along the channel axis
for E118p/E120p KcsA. It is computed for the minimized structure
(open circles), the perturbed conformations with rmsd of ±3.5 A˚ (coun-
terclockwise [open squares] and clockwise [open triangles]), and the
two opened structures (closed squares and triangles) corresponding
to the 550th and 750th MC steps on the transition pathway. The
pore radius profiles were generated using our MCICP code.Ltd All rights reserved
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Open-State Conformation of KcsAFigure 4. A Stereo Picture of the Back-
bone of E118p/E120p KcsA in the Open
State
View from within the membrane with the extra-
cellular side on top (A) and from the IC side (B).
In (A), for clarity, the front subunit is removed.
The helices of the KcsA subunits are shown
in different colors: TM2 in blue, TM1 in green,
and P helix in red. The three K+ ions in the
pore are illustrated as pink spheres. This open-
state conformation of KcsA is shown for the
750th MC step.However, when both E118 and E120 residues are proton-
ated (low interior pH), clockwise mode tracking along the
lowest-frequency NM showed a complicated gating tran-
sition, with many dynamic features (Movies S1 and S2): (1)
concerted rotation and unwinding of the TM2 bundle with
an outward bend of TM2 at A108; (2) small twisting-
untwisting rotation of the IC end of TM2 about a helical
axis; and (3) highly dynamic tilting adjustments and out-
ward lateral motions of TM2 away from the channel axis,
leading to the disappearance of the TM2 bundle. The
TM2 bundle rotates clockwise30–40 around the chan-
nel axis before it becomes disrupted. The tilt of TM1 de-
creases with respect to the membrane normal as the
TM2 bundle is unwound. The TM1 and TM2 helices of
each subunit and adjacent subunits dynamically interact
with each other during the closed-to-open transition.
The cross-section of the inner pore undergoes rapid
fluctuations. The large-scale conformational changes are
mainly confined to the IC half of the channel, leaving the
extracellular half mostly unchanged, supporting the ob-
servation that KcsA is a dynamically modular system
(Kelly and Gross, 2003). Thus, we find that the gating tran-
sition in KcsA is not a simple radial-outward swing (Tikho-
nov and Zhorov, 2004) of the IC half of the TM2 helices
away from the channel axis, bending at the G99 residues.
The slotting (clearly visible in the stereo view of Figure 4B)
of each TM2 helix (in blue) between two TM1 helices (in
green), one from its own subunit and one from an adjacent
subunit, and their bend at a gating hinge corresponding toStructure 15, 1654–1662A98–G99, occurs at the end stage of the gating transition
(see Figure 4 for the open KcsA conformation). The gating
movements are consistent with both spin-labeling (Perozo
et al., 1999; Liu et al., 2001) and X-ray (Jiang et al., 2002)
experiments: (1) rotation of the TM2 helices is clockwise;
(2) the IC end of TM2 is twisted slightly clockwise (12)
about its helical axis before the TM2 bundle becomes
disrupted (Figure S2); and (3) the final TM2 bend is hinged
near residues A98–G99. Thus, our results for KcsA, as well
as experimental data for Shaker and BK channels (Magi-
dovich and Yifrach, 2004), support the idea that TM2 helix
deformation in MthK at the conserved glycine (Jiang et al.,
2002) might be a common K+ channel gating mechanism.
The Open-State Conformation of KcsA
The open-state conformation of KcsA exhibits a wide IC
pore, with a radius 5–7 A˚ in the inner vestibule (Figure 3,
closed squares and triangles), located at the constriction
near the T107 residues (at 8 A˚; see also Figure S3).
This is consistent with a radius of about 6 A˚ at the constric-
tion (at A88) in MthK (Jiang et al., 2002), but is significantly
larger than that of about 2 A˚ at the narrowest point (near
residues 107–108) inferred from spin-labeling (Liu et al.,
2001) and theoretical (Shen et al., 2002; Shrivastava and
Bahar, 2006) studies of KcsA. The size of the wide, open
pore increases steadily, starting from the IC entrance of
the selectivity filter (the narrowest point) toward the IC
side (Figure 3, closed triangles). The IC vestibule is then
wide enough for a tetrabutylammonium blocker (TBA), December 2007 ª2007 Elsevier Ltd All rights reserved 1657
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Open-State Conformation of KcsAFigure 5. Stereo View of Superimposed
Structures of E118p/E120p KcsA
Ca traces are viewed (A) from within the mem-
brane (two subunits) and (B) from the IC side
(four subunits). The closed structure is shown
in red, and the opened structure is shown in
black. The open-state conformation of KcsA
is shown for the 650th MC step. The green
marks in (A) show the location of a gating hinge,
G99. Only the backbone of the selectivity filter
and the inner helices is shown in (B). The fig-
ures were generated using our MCICP code.(diameter, 10–12 A˚) to reach the central cavity—its binding
site—where it was found trapped crystallographically in
KcsA-TBA complexes with the IC pore closed (Zhou
et al., 2001a; Yohannan et al., 2007). Our results also
agree with neutron and X-ray solution scattering experi-
ments (Zimmer et al., 2006), which indicate that the pore’s
IC mouth diameter widens to 20–30 A˚.
The superimposed, closed and opened KcsA structures
are shown in Figure 5. The TM2 helices bend at the A98–
G99 hinge (Figure 5A) and rotate clockwise (Figure 5B).
This picture agrees with structural data for MthK (Jiang
et al., 2002). The selectivity filter P loops are structurally
unaffected in the gating process (Figure 5A). In the open
conformation, the IC halves of the four TM1 and TM2 heli-
ces are loosely coupled and substantially separated from
one other. The inner hydrophobic vestibule disappears,
and the central cavity becomes an inseparable part of
the IC solution. Thus, K+ ions can traverse half the perme-
ation pathway with a full hydration shell and suffer no en-
ergypenalty in reaching theentranceof theselectivity filter.
The Energetics along the Gating Pathway
We find that the energy steadily increases with the number
of MC steps along the transition trajectory (Figure 6). As
a proper reaction coordinate cannot be identified, we
choose the number of MC steps as a continuous variable.1658 Structure 15, 1654–1662, December 2007 ª2007 ElsevierAfter 550 MC steps, the KcsA channel is trapped in the
open conformation illustrated in Figures 4 and 5. The ener-
getics along the gating pathway shown in Figure 6 provide
only a qualitative picture, as the effect of surroundings
(water and lipids) is not treated in our RTB MC-NMF
simulations. This energy profile should be scaled by an
effective system dielectric constant (Schutz and Warshel,
2001) in order to include dielectric shielding of electro-
static interactions due to electronic polarization, not incor-
porated in the force field, and the influence of the reaction
fields induced by surrounding electrolyte and membrane.
It is known that low-frequency motions in a realistic envi-
ronment are overdamped and diffusive—not vibrational
at all—which makes low-frequency eigenvalues (the ener-
getic cost) of little physical importance. However, low-fre-
quency eigendirections are a unique and inherent property
of protein architecture (Lu and Ma, 2005), and there is
overwhelming evidence that they are not affected by the
presence of solvent (Ma and Karplus, 1997; Ma, 2005)
(see also Miloshevsky and Jordan, 2006 and references
therein concerning this issue).
The Effect of Protonation of E118 and E120
on the Channel Opening
It is known that KcsA is activated by protons from the IC
side of the channel (Heginbotham et al., 1999). It hasLtd All rights reserved
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Open-State Conformation of KcsAbeen suggested that the charged residues (R117, E118,
E120, R121, R122, and H124, which is positively charged
at acidic pH) of the TM2 helix located near its C terminus
constitute the putative pH sensor (Cortes et al., 2001)
responsible for triggering channel openings at low pH.
The probability that the channel is open increases as pH
decreases from pH 7 to pH 4, but it remains quite low
(<0.4 under all conditions) (Heginbotham et al., 1999;
LeMasurier et al., 2001). Recent experiments (Blunck
et al., 2006) suggest that this low open probability reflects
the presence of a second gate, located in the selectivity fil-
ter; the channel is in a state with an open bundle crossing,
but a closed (inactivated) selectivity filter. The charged
residues near the C termini of TM2 form a complex inter-
and intrasubunit charge network (Figure 7). The RTB
MC-NMF simulations reveal that, when both E118 and
E120 are in the protonated form (low pH), clockwise NM
tracking leads to untwisting of the TM2 helical bundle
and a wide open IC pore (Figures 3 and 4). However, we
found that, for neutral pH, where the carboxylate groups
in both E118 and E120 glutamates are deprotonated, the
TM2 bundle undergoes clockwise rotation around the
channel axis with backward-forward fluctuations, but no
outward-directed movement of its helices away from the
pore was observed. In this case, the IC pore remains
closed. If either E118 or E120 is protonated, the inner
pore radius increases, especially for the E120p variant,
but the opening illustrated in Figure 3 is not observed.
Figure 6. The Energy Profile as a Function of the Number of
MC Steps along the Gating Pathway
There is an energy barrier (150 kcal/mol) for opening the IC pore. The
energy well at the150thMC step could correspond to a fluctuation or
an intermediate, partially stable conformation. The energy profile
shows a nearly flat well between the 550th and 750th MC steps. The
energy difference from the bottom of the well to the top of the barrier
is40 kcal/mol, much smaller than that (110 kcal/mol) from the initial
closed state to the final open state.Structure 15, 1654–166Protonating E120 and breaking the intersubunit bridges
has a larger effect (an inner pore constriction radius of
3.31 A˚) than protonating E118 (an inner pore constriction
radius of 2.15 A˚) (Figure 8). Thus, a pH change (proton-
ation of E118 and E120) affects the inter- and intrasubunit
electrostatic interactions within the IC domain, initiating
a fundamental local architectural change that disrupts at
least 8–12 hydrogen bonds. The large net positive charge,
due to the arginines located at the ends of the TM2 heli-
ces, further promotes destabilization. Their repulsion
greatly encourages unwinding the TM2 bundle on the
gating pathway, leading to an open state with a very
wide IC vestibule.
DISCUSSION
Our MC-NMF analyses of gating pathways in gA (Milosh-
evsky and Jordan, 2006) and KcsA show that a one-step
displacement along the lowest-frequency NM with a
predefined rmsd (Shen et al., 2002; Taly et al., 2005;
Cheng et al., 2006) is not sufficient to elucidate the gating
mechanism. This approach is only valid for identifying the
most probable direction for initiating gating. In the gA
channel, we found that the lowest-frequency NM corre-
sponds to relative opposed rotation of gA monomers
around the channel axis (Miloshevsky and Jordan, 2006).
However, this relative rotation did not lead immediately
to closing the gA pore or dimer dissociation. Only tracking
this lowest-frequency NM with the MC-NMF technique
revealed that relative opposed rotation is coupled with
subsequent lateral displacement of gA monomers on the
gating pathway, which leads to pore closure and dimer
dissociation (Miloshevsky and Jordan, 2004, 2006).
Displacing the closed KcsA structure along the lowest-fre-
quency NM indicates that channel opening is initiated by
rotation of the TM2 bundle around the channel axis. How-
ever, we (as well as others [Liu et al., 2001; Shen et al.,
2002; Shrivastava and Bahar, 2006]) find that neither
counterclockwise nor clockwise perturbation with an
rmsd of 3.5 A˚ fully opens KcsA’s inner hydrophobic vesti-
bule. Counterclockwise or clockwise tracking via RTB
MC-NMF did not generate a fully open pore in WT,
E118p, and E120p KcsA, stressing the important struc-
tural consequences of electrostatic effects ignored in
elastic network NM models (Shrivastava and Bahar,
2006). The nature and detailed dynamics of the gating
transition in KcsAwas only revealed by clockwise tracking
along the lowest-frequency NM for the low-pH variant
where both E118 and E120 are protonated.
In summary, using a novel NM tracking approach, we
show that the gating transition in KcsA represents a very
large conformational change. The end-point structures
are well characterized by rotation-and-tilt and hinge-
bending models. Our results argue that neither of the
two gating models is incorrect, but that they complement
each other, describing the initial and final states on the
gating pathway. During the opening, the narrow hydro-
phobic vestibule is transformed into a very wide domain,
fully integrated with the internal solution. This picture has2, December 2007 ª2007 Elsevier Ltd All rights reserved 1659
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Open-State Conformation of KcsAFigure 7. The network of Inter- and Intrasubunit Salt Bridges Formed by Charged Residues in Close Proximity to the C Termini of
the TM2 Helices
The network is viewed along the channel axis from the extracellular side in (A) WT KcsA and (B) KcsA with both E118 and E120 protonated. The two
concentric circles mark the center of each pore. The KcsA subunits are labeled as A, B, C, and D. The residues are labeled. Arginines and glutamates
are shown in blue and gold colors, with their guanidino and carboxyl groups in native colors, respectively. (A) The intersubunit salt bridges between
R122 and E120 are shown as green broken lines. The average distance between bridged atoms is 3.2 A˚. The intrasubunit bridges between E118 and
both R121 and R122 residues are shown as black broken lines. The distance between atoms involved in salt bridges varies between 2.4 and 2.7 A˚. (B)
The inter- and intrasubunit bridges are broken as a result of glutamate protonation. A proton on one glutamate oxygen is illustrated. There is a sig-
nificant local architectural change as the side chains of E120 and R121 move radially outward, away from the channel axis.important implications for our understanding of K+ perme-
ation. In the open-state conformation, only the narrow
selectivity filter constitutes the pore of K+ channels. Our
focus in this study was on conformational changes in the
IC domain, and we maintained the E71-D80 constraint in
the selectivity filter. Nevertheless, we observed that the
gating motions of the IC domain propagate to the selectiv-
ity filter. The P helices undergo a swinging motion during
the opening of the TM2 bundle, which could affect the
putative second gate located in the selectivity filter (Cor-
dero-Morales et al., 2006; Blunck et al., 2006). Further
study of the conformational state of selectivity filter P
loops in the open KcsA channel with mutations of E71
and D80 is expected to provide more details on the inter-
play between the two gates.
EXPERIMENTAL PROCEDURES
KcsA Models
The high-resolution KcsA structure (Zhou et al., 2001b) with three
K+ ions and 31 water molecules saturating the cavity and pore
domains, termed the KcsA system, was used. KcsA systems were de-
scribedwith the all-hydrogen CHARMM22 topology and parameter set
(MacKerell et al., 1998). Protein hydrogens were added by using our
Monte Carlo Ion Channel Proteins code. The E71 residues were pro-
tonated in order to preserve the carboxy-carboxylate interaction be-
tween E71 and D80 and yield a minimized structure mimicking the1660 Structure 15, 1654–1662, December 2007 ª2007 Elseviercrystal structure. Unresolved R117 side chains were built, and unre-
solved H124 residues were not included. The number of atoms as
well as NMs is varied depending on the variant. For instance, there
are Na = 6,300 atoms in the WT KcsA system resulting in 18,900 all-
atom NMs. The new conjugate gradient method with guaranteed
descent (Hager and Zhang, 2005) was used to locate geometry with
unprecedented low strain energy for these large molecular systems.
The absolute largest component of the gradient <5 3 1010 kcal
mol1 A˚1 was reached. All degrees of freedom (bond lengths, bond
angles, torsion and improper torsion angles) in both KcsA and the
waters were variable during minimization. The rmsd for the Ca atoms
was 1.8 A˚ between X-ray and WT energy-minimized conformations,
andsomewhat larger (up to2.5 A˚) for the protonation variants. Efficient
eigensystem solvers from the LAPACK package, as previously de-
scribed (Miloshevsky and Jordan, 2006), were used to calculate eigen-
values and eigenvectors. The lowest-frequency eigenvalue was varied
from 2.2 to 2.9 cm1, depending on the variant. For comparison, a value
of 2.5 cm1 was found in the NMA study of KcsA (Shen et al., 2002).
The RTB MC-NMF Method
TheMC-NMFmethod based on the all-atomNMA is described in detail
by Miloshevsky and Jordan (2006). The basis of this method is to
systematically maximize the energy along the lowest-frequency NM,
while simultaneously minimizing the energy in all other NM directions
(Nichols et al., 1990). No constraints, restraints, or artificial internal or
external mechanical forces are imposed on the structure while tracking
along the lowest-frequency NM. The Metropolis criterion (Metropolis
et al., 1953) controls allowable MC step lengths. Each MC step
involves the collective motions of large parts of the protein and is
characterized by the concerted conformational changes. After eachLtd All rights reserved
Structure
Open-State Conformation of KcsAaccepted step, the all-atom Hessian matrix is recalculated and the
eigensystem is solved anew (Nichols et al., 1990)—a very computa-
tionally expensive procedure for large proteins. The new lowest-fre-
quency NM that is most similar to the previous one (i.e., has the largest
overlap with it) is selected as the degree of freedom to be maximized.
Thus, along the gating pathway, the lowest-frequency eigenvector
changes with each MC step. After a large number of MC steps, the
initial (starting) and current low-frequency NM sets are quite different.
Thus, tracking along the lowest-frequency NM in KcsA requires
a multiple recalculation of the Hessian matrix and resolution of the
eigensystem (500–900 steps). We find that direct application of
MC-NMF to the KcsA system is not feasible, as the computational
cost associated with one-step diagonalization of the all-atom Hessian
matrix (size 3Na 3 3Na) with the most efficient solver from LAPACK is
17 hr on a Dell dual 3.8 GHz workstation with 12 GB of memory. The
memory requirements are about 4.4 GB for storing the Hessian matrix
and eigenvectors. Therefore, instead of the all-atom NMs, we incorpo-
rated RTB NMs (Tama et al., 2000) into the MC-NMF technique. The
justification for using RTB NMs is that the low-frequency NMs are
very close to one another in both approaches. In the RTB approxima-
tion (Tama et al., 2000), an all-atom Hessian is projected onto a space
spanned by the rotational and translational degrees of freedom of
predefined protein blocks, thus effectively reducing the Hessianmatrix
(to a size of 6nb3 6nb, with nb number of blocks) and the diagonaliza-
tion time. For each KcsA residue, a peptide backbone was treated as
a single block, and the side chain was broken into zero (glycine and
proline) to three (arginine and lysine) blocks, depending on residue
size. The water molecules were treated as separate blocks, and
K+ ions were associated with nearby blocks. For instance, there are
nb = 1211 rigid blocks in the WT KcsA system (7266 RTB NMs), requir-
ing 1 hr of diagonalization time. The 6nb length RTB NMs are then
projected back to all-atom space to give a limited number, 6nb, of
the full-length (3Na) approximate all-atom NMs. It is important to
choose the number of blocks such that the largest eigenvalue is close
to 1300 cm1, fully covering the vibrations of single amino acids
(torsional subspace) (see the NM spectrum in Figure 1). When the
true all-atom NMs are substituted by the approximate all-atom NMs
Figure 8. Radius Profiles of the IC Pore for All Four Proton-
ation Variants
WT (circles), E118 KcsA (squares), E120 KcsA (triangles), and E118p/
E120p KcsA (diamonds).Structure 15, 1654–1662derived from the RTB approach, we find that the standard MC-NMF
method (Miloshevsky and Jordan, 2006) fails. There are a limited
number of approximate NMs resulting in insufficient relaxation of the
high-frequency NM subspace. A solution was found by separating
the maximization step along the lowest-frequency NM from the mini-
mization step along the other NMs. In our original MC-NMF method
(Miloshevsky and Jordan, 2006), these two steps are carried out simul-
taneously (Nichols et al., 1990). For each accepted maximization step,
theminimization step along the other NMs is now repeatedmany times
until the simulational system is totally relaxed. Thus, a single MCmove
(step) along the lowest-frequency NM includes the maximization step
and a number of minimization steps. This modifiedMC-NMFmethod is
reminiscent of our kinetic approach (Miloshevsky and Jordan, 2005); in
both, motion is unidirectionally constrained along a predefined reac-
tion coordinate, and many MC trials are performed to relax the other
degrees of freedom after each step along the reaction coordinate.
The RTBMC-NMFmethod, before its application to the KcsA systems,
was extensively tested and shown to reproduce the gating transitions
in the gA channel (Miloshevsky and Jordan, 2004, 2006).
Supplemental Data
Supplemental Data include three figures and twomovies and are avail-
able online at http://www.structure.org/cgi/content/full/15/12/1654/
DC1/.
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